Background-Noninvasive measures of arterial compliance may be useful for the detection of subclinical atherosclerosis. Methods and Results-Measures of calf and thigh arterial compliance (MaxV50) were recorded in 267 subjects who also underwent MRI of the distal aorta to quantify distal aorta atherosclerosis. The average of calf and thigh MaxV50 was strongly predictive of extent of aortic atherosclerosis and risk of being in the top quartile of aortic atherosclerosis after adjustment for the Framingham Coronary Risk Score (FCRS) or the combination of the FCRS and C-reactive protein (PϽ0.0001). The areas under the receiver operating curves predicting the top quartile of gender-specific aortic atherosclerosis were 0.57, 0.60, and 0.75 for models containing the FCRS, the FCRS and C-reactive protein, and the FCRS, C-reactive protein, and the average of calf and thigh MaxV50.
A substantial number of coronary events occur each year in individuals who currently do not qualify for drug therapy based on The National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATPIII) 1 or other primary prevention guidelines. 2 Results from the AFCAPS/ TexCAPS study 3 and the Heart Protection Study 4 indicate that many such patients may nevertheless benefit from statin therapy. However, indiscriminate use of statin therapy and other pharmacological interventions in low-or intermediaterisk patients would be prohibitively expensive and would subject large numbers of individuals to unnecessary side effects. Thus, more effective strategies are required to direct drug therapy to those non-ATPIII drug therapy-eligible individuals most likely to benefit from more aggressive treatment. Strategies designed to predict early disease, rather than clinical or anatomic manifestations of advanced disease, would be desirable for the selection of subjects for early or more aggressive preventive interventions.
One potential screening test for consideration is the measurement of arterial compliance. Simple, noninvasive measures of arterial compliance are feasible and correlate with development of experimental atherosclerosis in nonhuman primates. 5 Recently, lower-extremity arterial compliance was shown to be predictive of extent of coronary atherosclerosis in patients undergoing coronary angiography. 6 The purpose of the present study was to examine the association between lower-extremity arterial compliance and extent of abdominal aortic atherosclerosis as determined by MRI and to evaluate the predictive value of these measures above and beyond conventional and novel risk factors. Because atherosclerosis commonly occurs in the abdominal aorta earlier than in other vascular territories, 7 the abdominal aorta is an ideal location for studies designed to identify subjects predisposed to develop atherosclerosis.
Methods

Study Population
This cross-sectional study was conducted at the Atlanta Veterans Administration Hospital, Columbia University Medical Center, Jackson Memorial Hospital at the University of Miami Medical Center, and Wake Forest University Medical Center. The study design was approved by the internal review boards at each of the participating institutions. The study was designed to recruit at least 320 subjects with approximately equal numbers of subjects into 8 blocks crossclassified by gender and 4 levels of cardiovascular risk.
Risk Group 1 was composed of healthy subjects free of cardiovascular disease with a body mass index Ͻ40 kg/m 2 and a 10-year risk for a future coronary heart disease (CHD) event of Ͻ10% based on the Framingham Coronary Risk Score (FCRS). Subjects were classified as free of cardiovascular disease if they had no history of CHD and a normal resting ECG, a negative Rose Angina Questionnaire, and an ankle/brachial index Ͼ0.90. Risk Group 2 was defined as subjects free of cardiovascular disease but with a Framingham 10-year risk for CHD Ն10% but Յ20%. Risk Group 3, the CHD-equivalent group, included individuals free of cardiovascular disease but with a Framingham CHD 10-year risk of Ͼ20%, diabetes, an ankle/brachial index Ͻ0.90, or evidence of cerebrovas-cular disease. Risk Group 4 included subjects with coronary artery disease documented by cardiac catheterization (at least 1 lesion with a diameter Ͼ50% stenosis) in a major epicardial coronary artery, a prior Q-wave myocardial infarction, or history of coronary revascularization.
The age range for subjects in all risk groups was 35 to 69 years for males and 45 to 79 years for females. Subjects were excluded from the study if they had active infections (excluding skin infections); if they were taking antibiotics, immunosuppressive drugs, or steroids; or if the site's principal investigator considered them to be inappropriate for the study.
Subject Evaluation
All eligible subjects signed a consent form. At the baseline visit, cardiovascular risk status was established on the basis of physical examination and responses to standardized questionnaires, an ECG was obtained, and blood samples were taken for measurement of plasma lipids, C-reactive protein (CRP), and other blood analytes. The Emory Lipid Research Laboratory, a participant in the CDC/ NHLBI Lipid Standardization Program, performed all analyses from freshly isolated EDTA plasma on the Beckman CX7 chemistry autoanalyzer. Total triglycerides and cholesterol were determined by enzymatic methods (Beckman Coulter Diagnostics). Direct HDL and direct LDL cholesterol levels were obtained with homogeneous assays (Equal Diagnostics). The high-sensitivity CRP assays were performed on a Beckman LX-20 analyzer (Beckman Coulter) with an "Ultra CRP" assay manufactured by Polymadco, Inc. The assay range available is from 0 to 5 or 0 to 15 mg/L. Calibrators are traceable to international reference preparations.
Measurements of arterial compliance were obtained during visits 1 through 3. At visit 4, an MRI of the abdominal and thoracic aorta was performed. The protocol required visits 1 through 3 be completed within a 3-week window and visit 4 be completed within 6 weeks of Visit 1.
Determination of Peripheral Arterial Compliance
Peripheral arterial compliance was measured with a fully automated, computer-controlled air plethysmograph designed for clinical use (Vasogram, Vasocor Inc.). The device consists of an air pump, calibration chamber, and high-resolution pressure transducer. The interface with the patient is via standard blood pressure cuffs placed at the thigh and calf, with measurements at these levels taken independently. For this study, cuff pressures were inflated to 30 mm Hg below diastolic pressure, and segmental limb volume change as a function of time during the cardiac cycle was recorded ( Figure 1 ). The cuff pressure was then increased in 10-mm Hg increments and the process repeated until the peak cardiac cycle dependent volume change was reached. At each cuff pressure, during early diastole, a calibration volume of 0.65 mL was rapidly intro-duced to calibrate the system. To determine the local arterial compliance, the maximum volume change (MaxV) was divided by the subject's brachial pulse pressure. This value was normalized to a 50-mm Hg pulse pressure (MaxV50) to facilitate comparison among patients. Higher scores for MaxV50 correspond to more compliant arteries. Additional normalization for body size (height or body surface area) did not alter the associations between calf and thigh MaxV50 and the outcomes of interest; therefore, results are expressed as change in volume (in milliliters) per 50-mm Hg change in pressure.
The correlations between paired measures of calf and thigh MaxV50 obtained during the first and second visits were 0.77 (PϽ0.0001) and 0.79 (PϽ0.0001), respectively. For the purpose of these analyses, the mean results from visit 1 through visit 3 were used.
Determination of Atherosclerotic Burden by MRI
Images of the wall of the abdominal aorta were acquired with fast-spin echo double-inversion recovery techniques 8,9 with 1.5-Tesla full-body imaging systems (2 GEMS, 1 Picker, and 1 Philips) with torso array coils wrapped around the abdomen. Axial images were acquired from the renal arteries to the aortic bifurcation in 1-cm increments (5-mm-thick slice with 5-mm gap). Both T2 and protondensity-weighted (PDW) images were acquired according to previously published techniques with ECG gating and respiratory compensation incorporating a 2-cm field of view and a 256ϫ256 acquisition matrix with no phase wrap. 8, 9 Other imaging parameters included: repetition time equal to 2 RR intervals, echo time equal to 12 ms (PDW) and 60 ms (T2-weighted), 2 excitations, 32 to 64 echo-train length, Ϯ64-kHz receiver bandwidth, and chemical shift suppression. The total time for imaging of the abdominal aorta was Ϸ30 minutes.
On acquisition, images were archived in DICOM II format and transferred to the core imaging reading center by FTP transfer or optical disk. With software approved for beta testing by the Food and Drug Administration, 10,11 the lumen and outer wall boundary of the abdominal aorta were identified and manually traced in each slice on both the T2 and PDW image. 12 For all but 14 of the cases, the tracing resulting from the T2-weighted scan was used for subsequent analysis. In 14 cases, the outer boundary or luminal surface could not be accurately identified in Ͼ25% of its circumference. In these cases, clear identification of the lumen surface occurred on the PDW image and therefore was selected for subsequent analysis. This technique has been shown to be the most accurate in identifying the true wall boundary compared with ex vivo and in vivo plaque morphology. 13 The area of the lumen was identified as the total number of pixels within the lumen circumference multiplied by the pixel dimensions (200/256ϭ0.78 mm on side). The total vessel area was defined as the Cuff pressure (P c ) is measured on instantaneous basis. During early diastole, system rapidly expands cuff volume by 0.65 mL, which produces step reduction (P cal ) in instantaneous cuff pressure. Maximum pressure change in cuff for cardiac cycle is also measured (P m ). Knowing P cal , P m , and expansion volume, it is possible to calculate maximum volume change (V m ) associated with cardiac cycle.
total number of pixels within the circumference of the outer wall multiplied by the pixel dimensions.
Wall area was defined as the difference between total vessel area and lumen area. Percent wall area was defined as the ratio of wall area to total area (% wall area ϭ100ϫwall area/total vessel area). The mean % wall area was defined as the mean of the slice-specific % wall area across all slices of the abdominal aorta ( Figure 2 ). Twenty-two subjects underwent repeat scanning of the abdominal aorta on separate days at 1-week intervals and subsequent measurement of % wall area. The correlation coefficient was 0.98 for these repeated measures. Limited imaging of the ascending and descending thoracic aorta was also performed; however, significant thickening of the aortic wall was so infrequent that analysis was uninformative (data not shown).
Statistical Analysis
The primary objective was to evaluate whether calf MaxV50 and thigh Max V50 are associated with atherosclerotic burden as measured by mean % wall area in the abdominal aorta. A secondary objective was to compare the predictive ability of the calf and thigh MaxV50 to that of conventional measures of cardiovascular risk, including the FCRS and plasma level of CRP.
Simple descriptive statistics were used to describe the characteristics of the study population and the distribution of the raw measures of arterial compliance. General linear models were used to describe the association between the measures of arterial compliance and extent of aortic atherosclerosis. These models were performed in the total cohort and the subset of low-and intermediate-risk subjects (FCRS Ͻ20%, nϭ208). Additional models were developed to further adjust for conventional cardiovascular risk factors or the FCRS and CRP. Risk factors included are age, gender, current smoking status, history of hypertension, history of diabetes, body mass index, LDL/HDL ratio, family history of CHD, and current statin use. Additional secondary analyses were generated with a series of logistic regression models. These models used a binary outcome, defined as being above or below the upper quartile of mean % wall area. These models were adjusted for the same set of conventional cardiovascular risk factors used in the linear models. Receiver operating curves were constructed to graphically illustrate the ability of the average of calf and thigh MaxV50 to estimate the likelihood of an individual being in the highest quartile of aortic atherosclerosis. Nested models were compared with the likelihood ratio test. 14 All statistical analyses were performed with SAS version 8.02.
Results
Study Population
The study enrolled 343 subjects, of whom 282 underwent abdominal MRI. Of these, 268 (95%) had sufficient quality MRI scans to be included for analysis. An additional 12 subjects were excluded because of missing arterial compliance, cardiovascular risk factor, or CRP data ( Table 1 ). The baseline characteristics of the subjects that had incomplete MRI or arterial compliance data were not significantly different from the final cohort (data not shown).
Association of Arterial Compliance With Aortic Atherosclerosis
The mean % wall area averaged over all the subjects was 36.8 (range 29.04 to 49.56). Figure 3 shows mean % wall area among participants stratified by quartile of calf or thigh MaxV50. Mean % Wall Thickness and Mean (calf, thigh) MaxV50 were split on their respective medians and the positive value calculated for low arterial compliance to predict increased aortic atherosclerosis. Among the entire cohort, the positive predictive value was 0.71, whereas in the subset of subjects with FCRS Ͻ20% it was 0.70. In regression models of mean % wall area, both calf and thigh MaxV50 were significantly associated with extent of aortic atherosclerosis (PϽ0.0001 for each). After adjustment for age, gender, diabetes, hypertension, LDL/HDL ratio, family history of premature coronary disease, body mass index, and current statin use, both calf and thigh MaxV50 remained independently associated with aortic atherosclerosis (PϽ0.0001 and Ͻ0.0001 respectively). Similar results were obtained when the analyses were limited to subjects with FCRS Ͻ20%.
To compare the relative ability to predict extent of aortic atherosclerosis, calf and thigh MaxV50 and their average were compared with the FCRS and the FCRS combined with CRP as predictors of extent of aortic atherosclerosis. Calf and thigh MaxV50 or their average accounted for 17% to 22% of the variance in mean % wall area (PϽ0.0001). In contrast, the FCRS only accounted for 1% of the variability in mean % wall area (Pϭ0.22), and the FCRS in combination with CRP accounted for only 3% of the variance (Pϭ0.02). The relative ability of arterial compliance to predict aortic atherosclerosis compared with FCRS and CRP remained the same when the analyses were limited to subjects with FCRS Ͻ20% (Table 2) . Finally, a series of logistic models were fit to asses the value of arterial compliance to predict extensive atherosclerotic burden, defined as the highest quartile of mean % wall area of the aorta. To determine the incremental value of arterial compliance over conventional strategies, models that included the FCRS and the FCRS and CRP were compared with a model that also included the average of calf and thigh MaxV50. The results of these models can be summarized using the area under the receiver operating curve (Figure  4 .).The model containing gender-adjusted measures of arterial compliance was significantly more predictive of extensive aortic atherosclerosis than the FCRS and CRP model (PϽ0.0001) or the FCRS-only model (PϽ0.0001), with areas under the receiver operating curves of 0.75, 0.60, and 0.57, respectively.
Discussion
In this study, noninvasive measures of peripheral arterial compliance were strongly and independently associated with presence and extent of aortic atherosclerosis as measured by abdominal MRI. Reduced arterial compliance was more strongly associated with aortic atherosclerosis than the FCRS or the combination of FCRS and CRP. These data, coupled with results of earlier work demonstrating an association between peripheral arterial compliance and coronary atherosclerosis, 6 suggest these measures could be used as an additional means to identify individuals with extensive atherosclerosis burden who are at high risk for coronary events and who may therefore benefit from more aggressive intervention. Despite the considerable strengths of alternate screening tests, such as measurement of coronary calcium by computed tomography or flow-mediated vasodilation as an indicator of endothelial function, these tests are limited because they are costly or difficult to perform with precision. Additionally, coronary calcium is focused on detection of a later stage of atherosclerosis. Newer strategies, such as changes in digital skin perfusion after a period of transient ischemia, continue to be evaluated. 15 The data in the present study are consistent with earlier work linking similar measures of vascular compliance with aortic atherosclerosis and its progression in animal models, 5 as well as extent and severity of coronary atherosclerosis in humans. 6 Other indirect measures of vascular compliance, including pulse pressure and pulse wave velocity, have been shown to be associated with extent or progression of aortic and carotid atherosclerosis 16 -21 as well as risk for myocardial infarction, 22, 23 congestive heart failure, 24 -26 stroke, 26, 27 restenosis after percutaneous coronary intervention, 28 and total mortality. 27, 29, 30 Both the FCRS 31, 32 and CRP 33, 34 are also associated with extent of atherosclerosis and risk for future cardiovascular events; however, data from the present study suggest measures of arterial compliance may be a superior predictor of extent of subclinical aortic atherosclerosis. Additional studies are needed to determine whether this improved ability to predict extent of aortic atherosclerosis translates into improved ability to prevent cardiovascular events in intermediate-risk subjects. Conventional or phase-encoded magnetic resonance images can also be used to measure cardiac cycle-dependent changes in aortic dimensions or local flow velocity as other indicators of arterial stiffness. 35, 36 However, currently, MRI is expensive and logistically difficult to implement on a wide-scale basis for screening.
The present study has several limitations. Although the study was designed to include individuals with a wide range of risk for coronary disease and extent of atherosclerosis, blacks and other ethnic minorities are not adequately represented. Thus, the results of this study may not be applicable to other racial or ethnic subgroups. Second, the study participants were volunteers and may not be truly representative of the general population. Larger studies that include a more representative selection of individuals would be useful. Finally, a low percentage of subjects were excluded from the analysis because of poor-quality MRI results. This may be the result of an increased amount of intra-abdominal fat immediately adjacent to the aorta that obscured the location of the external elastic lamina, leading to less accurate or unusable results. Selective exclusion of individuals with increased intra-abdominal fat could therefore introduce bias in the observed associations, although the direction of the bias is difficult to predict. There were no significant differences in any of the baseline characteristics between subjects with and without MRIs or complete arterial compliance data.
Conclusions
These data demonstrate a strong and independent association between calf and thigh arterial compliance and extent of aortic atherosclerosis as measured by MRI. The extent to which these measures will correlate with future risk for cardiovascular events is not yet well established. Nevertheless, the fact that these measures were more strongly associated with aortic atherosclerosis than either the FCRS or the combination of the FCRS and CRP suggests that prospective studies are warranted to determine whether arterial stiffness would be a useful adjunct for screening subjects for aggressive primary preventative interventions. 
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